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Introduction 
 Salt tolerance is a complex trait in most plant species, since it involves various 
mechanisms at cellular, tissue, organ or whole plant levels. Amphidiploid species in the 
Brassicaceae family, such as Brassica napus, are more tolerant to environmental 
stresses than their diploid ancestors. Since the transcriptome architecture of polyploid 
species is more complex than that of diploid species, dissecting the salt responsive 
transcriptome of this species would greatly contribute to a better understanding of the 
regulatory network involved in salinity adaptation. To date, QTLs and candidate genes 
for salt tolerance have been studied in various crops, e.g., barley, rice, durum wheat, 
ryegrass and tomato. However, genetic factors responsible for salt tolerance have not 
been investigated in B. napus. In this study, transcripts and genomic regions associated 
with salt tolerance were dissected in B. napus. 
Chapter I. Comparative transcriptome analysis of leaves and roots in response to 
salt stress in Brassica napus L. by RNA-seq 
 A salt tolerant B. napus line, N119 of cv. ‘Sapporo’, identified in our previous study, 
was used. Expression of salt responsive genes, i.e., BnBDC1, BnLEA4, BnMPK3 and 
BnNAC2, showed that these genes were up-regulated 1 h after salt treatment and then 
down-regulated at 12 h. Therefore, the transcriptome profiles of both the leaves and the 
roots in response to salt stress for 1 h and 12 h were investigated. De novo assembly of 
individual transcriptome by Trinity followed by sequence clustering yielded 161,537 
non-redundant sequences (Fig. 1). All these scaffolds were longer than 200 bp (Table 1). 
Mean length and N50 of these scaffolds were 693 bp and 1,039 bp, respectively (Table 
1). Of these, 119,026 sequences were annotated by searching against SwissProt and 
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NCBI NR databases. Gene ontology (GO) terms and KEGG ontology (KO) terms were 
assigned to 56,198 and 29,155 sequences, respectively (Fig. 1). 
 A total of 14,719 transcripts were differentially expressed in either the leaves or the 
roots (Fig. 2). GO and KO enrichment analyses indicated that the same 49 GO terms 
and seven KO terms were respectively over-represented in up-regulated transcripts in 
the both organs at 1 h post-stress. Certain over-represented GO terms of up-regulated 
genes in the leaves at 1 h post-stress became over-represented in genes down-regulated 
at 12 h. Little overlap was observed between the DEGs in the leaves and the roots at 
both time points (Fig. 2). Certain salt induced detrimental impacts varied between the 
leaves and the roots. The GO enrichment analysis indicated that some distinct groups of 
genes were activated exclusively in either the leaves or the roots possibly to overcome 
salt inducible damages (Fig. 3). For example, at 1 h post stress, phytohormone related 
pathways were enriched solely in the leaves, i.e., “ethylene mediated signaling 
pathway”, “regulation of gibberellins biosynthetic process” and “salicylic acid 
biosynthetic processes”. Conversely, in the root at 1 h post stress, genes involved in 
synthesis of the cellular components and defense response were distinctly 
overrepresented, i.e., “cell wall assembly”, “cell wall macromolecule catabolic process” 
and “regulation of defense response”. 
 A total of 582 transcription factors representing 45 families were differentially 
expressed in response to salt stress in both the leaves and the roots, S1Fa-like being 
over-represented in the leaves and bHLH being over-represented in the roots (Fig. 4). 
The up-regulated DEGs annotated as bHLH showed high homology to ICE2 and ROX1 
in Arabidopsis and some bHLH genes in B. rapa, which have been identified to be 
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conferring tolerance to various abiotic stresses. So far, there was no finding depicting 
whether this S1Fa-like genes confer abiotic stress tolerance. In addition, a total of 438 
transporter genes, such as HKT, CNGC, ACA, KEA, PIP and CCX, were also 
differentially regulated by salt stress in both the leaves and the roots (Fig. 5). 
Chapter II. Association analysis for variation in salt tolerance of Brassica napus L. 
 A world-wide collection of 85 rapeseed lines was evaluated for salt tolerance. There 
were significant reductions of shoot fresh weight, dry weight, leaf K+ and leaf Ca2+ due 
to salt stress (Table 2). These rapeseed accessions also showed a large variation in salt 
tolerance index, i.e., ratio of shoot dry weight under salt stress to that under the control 
condition, ranging from 0.311 to 0.999 (Figure 6). There was no significant correlation 
between salt tolerance index and Na+ content, although tolerant lines could be high Na+ 
accumulating lines (Table 3, Figure 7A). Significant inverse correlation (r = -0.355; P < 
0.001) was observed between shoot biomass production under the control condition and 
salt tolerance index (Figure 7B). These observations indicate that salt tolerance in B. 
napus is more related to plant growth rate than leaf Na+ content in which accessions 
exhibiting slower growth in the control condition were more salt tolerant than others. 
Leaf Ca2+ in the saline condition and leaf Na+/Ca2+ ratio showed significant negative 
correlation with salt tolerance index in B. napus suggesting that Ca2+ homeostasis plays 
roles in salinity response (Table 3). 
 All the B. napus lines were genotyped by DArTseq for a total of 51,109 genetic 
markers. Of these, 14,983 markers aligned to more than one location on the 
pseudomolecules were removed. With a cut-off of call rate less than 0.8 and minor allele 
frequency less than 0.05, I excluded additional 4,338 and 6,954 markers, respectively. 
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Among the selected 24,834 markers, 12,043 and 12,791 were mapped to the A genome 
or the C genome, respectively. Clustering inference performed by STRUCTURE v2.3.4 
indicated that the 85 B. napus lines could be assigned to 2 groups (Fig. 8). The familial 
kinship analysis indicated that the average relative kinship between any two accessions 
was 0.0726. 
 Association analyses were performed using six models by TASSEL 3.0 (Fig. 9). For 
all twelve traits evaluated in this study, the distribution of observed P values for the 
naïve and Q model greatly deviated from the expected P values (Fig. 9). All the MLM 
models controlling relative kinship, i.e., K, Q+K and P+K, had similar effects in 
reducing the false positives, in which P+K depicted more stringent effect than K and 
Q+K models (Fig. 9). In this study, considering the issue of both false positives and 
false negatives, P and Q+K models were employed to identify association signals. 
 Eleven QTLs, 10 QTLs and 41 QTLs for salt tolerance index, shoot biomass and 
ion homeostasis related traits, respectively were identified by association mapping using 
both the P and Q+K models. QTLs for salt tolerance were identified on eleven 
chromosomes, i.e., A1, A2, A3, A5, A6, A7, A9, C2, C3, C4 and C9. A total of 62 salt 
responsive candidate genes were identified in the QTL regions for salt tolerance index 
based on the study in the previous chapter (Table 4). Ten candidate genes located within 
the QTL regions for salt tolerance were shortlisted for sequence variation analysis based 
on salt responsive genes identified in the transcriptome analysis in the previous chapter 
and previous studies (Table 5, Fig. 10). 
 All shortlisted candidate genes for salt tolerance trait were amplified by PCR from 
four tolerant lines and four sensitive lines. Sequence analysis of BnaaTSN1 and 
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BnaaDREB2B showed many polymorphisms between tolerant lines and sensitive lines. 
No polymorphism was found in BnccDREB2A. Although polymorphisms were 
identified in BnaaUBC32, BnaaENH1 and BnaaSIP3, these polymorphisms were 
synonymous substitutions. Sequence variation analyses of BnaaHA1, BnccCBL10, 
BnccVAMP711 and BnccSTZ were unsuccessful due to sequence ambiguities probably 
attributed to the presence of other homologous regions. 
 In the polymorphic sites of BnaaTSN1 gene, different polymorphisms in the coding 
region resulting in premature stop codons were found in three sensitive lines (Figure 11). 
In the ‘Higashiyamashu’ allele of BnaaTSN1, a SNP at position 74 was a nonsense 
mutation. Two different deletions observed in ‘Hokkaidoshu’ (between 207 and 222) 
and ‘Daichousen’ (at base 575) alleles result in frameshift and premature stop codons. 
The premature stop codons in ‘Hokkaidoshu’ allele and ‘Higashiyamashu’ allele 
eliminate the Tudor domain in BnaaTSN1.  
 In the polymorphic site of BnaaDREB2B, two indels were found at -409 and -52 in 
the promoter region between the tolerant lines and the sensitive lines (Figure 12). 
However, searching these polymorphic sites against the database of Plant Cis-acting 
Regulatory DNA Elements (PLACE) showed that these polymorphisms do not affect 
the predicted cis-elements. These polymorphisms could be useful to develop 
allele-specific markers for salt tolerance screening. 
Conclusions 
 The first comprehensive transcriptome analysis of B. napus in response to salt 
stress was performed. The transcriptome depicting gene networks in the leaves and the 
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roots regulated by salt stress provides valuable information on candidate genes 
potentially responsible for variation in salt tolerance in B. napus in the subsequent 
association study. Sequence analyses of these candidate genes narrowed down the 
targets to two genes, i.e., BnaaTSN1 and BnaaDREB2B. In BnaaTSN1, three 
independent mutations observed in three sensitive lines of B. napus caused premature 
stop codons probably resulting in loss-of-function truncated protein and might lead to 
salt sensitivity in these lines. Genetic transformation of the allele of the BnaaTSN1 gene 
from the tolerant lines to the sensitive lines is necessary to confirm its contribution to 
salt tolerance. Two polymorphisms were also identified in BnaaDREB2B gene clearly 
differentiate the salt tolerant lines from the sensitive lines and these could be used for 
developing allele-specific markers for the rapeseed breeding. 
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Table 1. Statistics of the clustered all-unigene by CD-HIT-EST 






Total unigenes 161,537 
Mean length (bp) 693 
N50 (bp) 1,039 
Total length (bp) 111,953,629 
 
 
Table 2. Summary of statistics of the 85 accessions describing the phenotypic 
variation for growth traits and ion accumulation evaluated after 3 weeks of control 
(C) and salt stress treatment (S) 
aLSD = least significant difference 
bCV = coefficient of variation of the panel 
 
 
Trait Treatment Mean Range LSDa CVb 
Min Max 
Shoot FW (g/plant) C 10.35 3.96 19.35 2.81 35.76 
S 6.66 2.27 13.79 2.24 37.70 
Shoot DW (g/plant) C 0.70 0.21 1.63 0.22 46.59 
S 0.42 0.14 0.96 0.16 45.16 
Leaf K+ (mg/g) C 39.89 29.03 51.46 4.99 12.07 
S 14.81 6.00 27.01 4.19 24.32 
Leaf Ca2+ (mg/g) C 40.41 24.44 58.06 6.00 21.10 
S 15.90 7.26 24.68 3.21 23.09 
Leaf Na+ (mg/g) S 62.34 29.24 80.11 12.49 16.24 
Leaf Na+/K+ S 4.69 2.44 9.45 1.85 30.39 
Leaf Na+/Ca2+ S 4.28 1.69 11.51 6.00 34.83 
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Table 3. Coefficients of correlation (r) between shoot biomass production and ion 
contents and salt tolerance index after salt stress treatment (S) and control (C)  
n.s. not significant, * P < 0.05, ** P < 0.01, *** P < 0.001 
 








Position (kb) P Q+K 
3081159 A1: 11,186 5.78 4.91 JCVI_12909 BnaaUBC32 A1:10,739 
EX121055 BnaaTSN1 A1:11,479 
3089729 A2: 3,500 4.81 4.14 JCVI_6 BnaaENH1 A2:3,094 
4336762 A3: 28,352 5.45 4.36 JCVI_374 BnaaSIP3 A3:28,089 
3170777 A5: 21,021 5.82 4.38 JCVI_34120 BnaaDREB2B A5:21,112 
3075557d A6: 9,610 4.53 
3123074 A7:447 5.46 4.25 JCVI_6167 BnaaHA1 A7:674 
3193594d A9:37,222 4.31 
3112162d C2:37,143 4.39 
3082417 C3:64,877 4.95 4.43 JCVI_33284 BnccCBL10 C3:64,707 
JCVI_639 BnccVAMP711 C3:65,260 
3110718 C4:22,897 4.81 4.17 
3085290 C9: 62,557 5.52 4.49 JCVI_32503 BnccDREB2A C9:61,885 
JCVI_16510 BnccSTZ C9:62,436 
a Candidate genes selected for sequence variation analysis 
Trait Treatment r with salt tolerance index 
Shoot FW C -0.315*** 
 S 0.258*** 
Shoot DW C -0.355*** 
 S 0.271** 
Leaf K+ C 0.075n.s. 
 S -0.156n.s. 
Leaf Ca2+ C 0.192n.s. 
 S -0.268** 
Leaf Na+ S -0.003n.s. 
Leaf Na+/K+ S 0.107n.s 
Leaf Na+/Ca2+ S 0.238*** 
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Table 5. Number of salt responsive genes located within the QTLs associated with salt 
tolerance index 
Chromosome Position of QTLs (kb) No. of salt responsive genes in QTLs 
A1 11,186 7 
A2 3500 3 
A3 28352 7 
A5 21021 4 
A6 9610 7 
A7 447 0 
A9 37222 5 
C2 37143 7 
C3 64877 11 
C4 22897 2 
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Figure 3. Graphical overview of over-represented GO terms in the leaves and the 




Figure 4. Percentage of transcription factor families differently expressed in response 
to salt stress. Symbol " " indicates an over-represented transcription factor by the 
hypergeometric test at corrected p-value<0.05. 
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